The design and fabrication of an integrated waveguide polarizer in z-cut LiNbO 3 crystals are reported. Singlepolarization guiding is achieved by careful selection of Ti diffusion parameters exploiting the transverse electric/ transverse magnetic ͑TE/TM͒ refractive index anisotropy. Fabricated Ti: LiNbO 3 waveguide polarizers of 1.5 cm length exhibit less than 0.2-dB/ cm propagation loss at TM and 33-dB extinction ratio as measured at 1.55-m wavelength.
Introduction
Lithium niobate is considered a highly attractive material for production of active integrated optoelectronic components. The performance of some applications such as highspeed modulators, sensors, and gyroscope circuits are particularly dependent on precise phase and polarization control. Single-polarization guiding is desirable and in some cases even essential for their successful operation. Several methods have been reported that achieve singlepolarization guiding in LiNbO 3 waveguides-among them, transverse electric/transverse magnetic ͑TE/TM͒ splitters, 1,2 metal cladding, 3 anisotropic overlays, 4 proton exchanged ͑PE͒ waveguides, 5 Ti: LiNbO 3 waveguides with incorporated PE segments, 6 and single-polarization Zn: LiNbO 3 waveguides. 7 Application-wise, each of these methods has its own advantages and limitations. Metal cladding, for instance, does not allow fabrication of short, high-extinctionratio polarizers without elevating propagation losses for the passing polarization. Proton exchange is presently considered the leading technology for fabrication of waveguide polarizers with an extinction ratio of about 40 dB/ cm. 6 The technique suffers, however, from relatively high propagation losses ͑Ͼ0.5 dB/ cm͒ and reduction of electro-optic efficiency. Both drawbacks are usually amended by annealing processes. One main limitation of PE-based devices is their susceptibility to high temperature. High-temperature treatments ͑Ͼ200°C͒ that are essential for production of additional layers ͑such as CVD-SiO 2 buffer for instance͒ are undesirable since they affect the waveguiding. Relying on higher index increase at the extraordinary polarization ͑⌬n e Ͼ⌬n o ͒, a polarizing waveguide based on Zn indiffusion was reported. 7 Ti in-diffusion technology is con-sidered advantageous and is widely employed in practical and commercial devices. Therefore, a technique of incorporating polarizing properties into Ti-diffused waveguides is highly desirable. The feasibility of a polarization splitter exploiting the TE/TM mode anisotropy induced by Ti indiffusion was predicted and simulated in the past. 2 However, the production of an integrated waveguide polarizer based solely on the Ti in-diffusion technology has not been reported so far.
Here, we present the design and a fabrication routine of a high-extinction Ti in-diffused waveguide polarizer in z-cut LiNbO 3 crystal. We report the attainment of fabrication conditions leading to low-loss guidance of the TM polarization in a Ti in-diffused waveguide while suppressing the TE ͑ordinary͒ polarization. The proposed method exploits the LiNbO 3 anisotropy and, in addition, the differential refractive index increase in TE and TM polarizations caused by the incorporation of Ti ions. It is well known that channel Ti: LiNbO 3 waveguides exhibit nonequal confinement for orthogonal optical polarizations. We demonstrate that careful selection of the process parameters ͑e.g., Ti thickness, waveguide width, as well as diffusion temperature and duration͒ enables fabrication of waveguides that have strong confinement for the TM mode while exhibiting leaky behavior for the TE mode. The simultaneous production of the guiding structure with a built-in polarizer in a single fabrication step utilizing the most popular waveguide fabrication technology makes this method especially attractive.
The presented technology was further applied for fabrication of various single-polarization-mode devices based on channel and ridge 8 waveguide structures of various widths. All these devices exhibited predicted single TM guidance and lack of susceptibility to slight variations of fabrication conditions.
Design Considerations
Understanding of the mode geometry is essential for the design of a waveguide polarizer with a high extinction ratio. The guidance in the Ti: LiNbO 3 waveguide was simulated by applying the diffusion model 9 and the beam propagation method. Based on material properties and known physical constants, the refractive index change was evaluated as a function of four main fabrication parameters, namely, Ti strip width and thickness as well as diffusion duration and temperature. The calculated index profile was then used in a commercial beam propagation simulator ͑RSoft, Inc.͒ for generation of the mode profile guided by the 3-D Ti in-diffused channel waveguide. The calculations of light propagation were performed for a 1.5-cm-long straight waveguide by applying a 0.2-m grid across the x-y plane ͑e.g., cross section͒ and a 5-m-grid along the propagation z direction. The reported diffusion routine was determined by searching for the maximal anisotropy between TE and TM modes while iterating the preceding procedure for fabrication parameters varying within practical boundaries. It was found that the refractive index change near the surface for the TM mode is more than 2 times higher than for the TE mode, if the postdiffusion profile is calculated for the Ti strip of 9.5 m width and 600 A thickness in-diffused during 8.5 h at 1000°C. The corresponding TE and TM modes simulated at 1550-nm wave-length are presented in Fig. 1 . The results clearly indicate well-confined single-mode guidance for the TM mode and an enlarged appearance of the TE mode due to weak confinement. Such a weakly confined mode, if present, is expected to be very susceptible to scattering loss.
The fiber-waveguide coupling losses were estimated as 0.78 dB for TM and 1.86 dB for TE modes, suggesting a nonsignificant difference in their coupling efficiencies. The losses were calculated for a SM fiber with 10.5-m modefield diameter. The performed simulations show that mode profiles are not susceptible to typical equipment-related variations of diffusion parameters, implying good reproducibility of the results. However, the substantial modification of one or more diffusion parameters leads to production of waveguides with excellent guidance for both TM and TE polarizations. 8 
Waveguide Fabrication
A sample was prepared from a congruent double-sidepolished z-cut 3-inch LiNbO 3 wafer of 1-mm thickness supplied by Crystal Technology, Inc. After cleaning, the −z side of the sample was subjected to photolithographic patterning with negative-tone photoresist. The pattern consisted of a series of straight waveguides of 9.5-m width and 1.5-cm length aligned along the crystallographic y axis. Then, 600 Å of Ti was deposited by e-gun over the patterned surface. Residual Ti was removed by the lift-off technique. The sample was subjected to Ti in-diffusion at 1000°C in wet O 2 atmosphere inside a three-zone furnace. The Li out-diffusion was suppressed by 1 lit/ min wet O 2 flow and partial pressure created inside a Pt crucible, where the specimen was enclosed for 8.5 h. Slow overnight cooling in dry O 2 atmosphere took place, reoxidizing the LiNbO 3 and preventing waveguide breakdown due to superposition of pyro-and piezo-electric effects. Finally, the sample was polished at the edge.
Waveguide Characterization
Inspection of the near-field light irradiated from the fabricated series of waveguides was performed with a Vidicon camera and a 40ϫ micro-objective lens. For each waveguide, a well-confined single TM mode was observed. The mode geometry and dimensions were consistent with the simulation results for TM polarization presented in Fig. 1 . However, the TE mode was not detected by IR camera under 0 dBm input condition.
The propagation losses for guided TM mode in channel Ti: LiNbO 3 waveguides were evaluated by the Fabry-Pérot method using a fiber-chip-fiber setup. The polishing quality of the waveguide-terminating facets enabled good visibility of Fabry-Pérot resonances inside the straight guiding sections. Scanning the resonator transmission by a tunable source within the 1545.0 to 1545.2-nm wavelength range, the intensity variations were measured as function of the wavelength, as shown in Fig. 2 .
The results, evaluated from the measured modulation depth, 10 revealed propagation losses of less than 0.2Ϯ 0.15 dB/ cm for quasi-TM polarization. Most likely, the losses were significantly lower, because the calculations were based on ideal reflectance from the LiNbO 3 -air interface, while the real facets were evidently imperfect. Imperfection of the waveguide and fiber facets also contributed to 2.8 dB total fiber-chip-fiber loss measured for TM mode. The results were then validated by comparing the calculated and measured free spectral range ͑FSR͒ of the waveguide resonator. This was done to ensure that the measured modulation depth resulted from the internal waveguide resonance and was not imposed by the fiber-waveguide cavity. The calculated and measured values of FSR were both equal to 55.6 pm.
Utilizing the same fiber-chip-fiber setup with an incorporated in-line fiber polarizer and polarization controller, the transmission of the two orthogonal polarization modes was measured. An extinction ratio of 33 dB was observed by finding maxima and minima of intensity while changing the state of the polarization by controller. The exclusive transmission of the quasi-TM mode was further confirmed by means of a fiber-chip-polarimeter setup. Then, spectral response of the waveguide polarizer across the C-band was tested by measuring the extinction ratio at various wavelengths in the range. The results presented in Fig. 3 emphasize the lack of spectral dependence. Although slight fluctuation can be noticed, all experimental data is still in the error range from the average.
Conclusions
The design and single-step fabrication routine of a highextinction Ti in-diffused waveguide polarizer in z-cut LiNbO 3 crystal were reported. The effect responsible for the polarizing action is higher index increase at the extraordinary polarization as compared to the ordinary one. The simulations we performed still reveal the existence of an enlarged cross-section mode for the TE polarization. The fact that the TE mode was not distinctly observed may be attributed to its leaky propagation as well as to additional effects 11 that may increase the difference between the two modifications of the refractive index. 
